1. A rapid-reaction apparatus was used to measure the rate at which cells containing sickle-cell haemoglobin (HbS) undergo morphological changes as a result of very rapid deoxygenation. The events occurring under these circumstances were found to take place in two stages.
If sickling really did take as long to occur as these results indicate, it is difficult to understand, when the average circulation time is much less, why sickle-cell anaemia is such a debilitating disease. Further, as the rate of loss of 0, from a normal cell containing normal adult haemoglobin (HbA) in a powerful reducing medium can be measured in terms of ms (Sirs, 1967) , the gelling of rapidly reduced HbS, which is largely analogous to crystal formation from a supersaturated solution, would be expected to have a similar time-scale. For these reasons, and because of the uncertainties of the previous measurements, it was decided to make a further attempt to estimate the inherent rate at which cells containing HbS sickle. This was done by means of a rapid-reaction apparatus which mixed a suspension of erythrocytes with a solution of sodium dithionite, any morphological changes owing to the consequent deoxygenation being stopped at a later, and variable, time by means of fixation with formalin solution.
During the course of this investigation new information came to light to prove that some of the changes accompanying sickling do indeed occur much faster than previously reported. In particular, Messer & Harris (1970) , using a filtration technique, showed that after sudden deoxygenation the filterability of HbS-containing erythrocytes dropped markedly within 0.1 2 s.
M A T E R I A L A N D M E T H O D S

Sample preparation and reagents
The blood used in these experiments was obtained from subjects known to be homozygous to HbS. In all cases the blood was heparinized and stored at 4°C until studied.
As only small samples of blood were available from any subject, considerable dilution was necessary to give a sufficient volume for the experiments. This was done with a modified Ringer-Locke solution (7.6 g of NaCl, 2.0 g of NaHCO,, 0.42 g of KCl and 0.24 g of CaC1, per litre of distilled water equilibrated with 40 mmHg Pco,).
An iso-osmotic sodium dithionite (Na,S,O,) solution was used as the deoxygenating agent as it is known to be extremely rapid in its action (Legge & Roughton, 1950; Sirs, 1967 ) and seems to have no effect on the erythrocytes other than of reduction. It was made as follows: (1) 5.3 g of NaCl, 0.42 g of KCl and 2.0 g of NaHCO, were dissolved in 1 litre of de-aerated distilled water and equilibrated with 30 mmHg Pco, and 730 mmHg PN,. (2) 4.0 g of Na,S,O,(Hardman and Holden Ltd) and 0.24 g of CaCl, were added to a dry bottle which was evacuated and then filled with 30 mmHg Pco,. (3) The contents of the first bottle were mixed with those of the second, and the whole was equilibrated with 30 mmHg Pco, and 730 mmHg PN,. The solution was made afresh each day.
The fixative used in these experiments was formalin made by mixing saturated formaldehyde solution with 0.85 g of NaC1/100 ml of solution in the ratio 1 :9.
The solutions were adjusted, where necessary, to a pH of 7-4+0.1 by the addition of 0.15 M NaOH.
Rapid-reaction apparatus
The apparatus used in these investigations was based on that of Hartridge & Roughton (1923) , and is shown diagrammatically in Fig. 1 . It consisted of three syringes which were emptied simultaneously by the push-bar. Syringe A normally contained the erythrocyte suspension and B the sodium dithionite solution. The contents of these syringes were mixed at the mixing chamber M/C 1, and flowed down a reaction tube during which time the cells were rapidly deoxygenated and could undergo morphological changes. The reaction was quenched at mixing chamber M/C 2 by the formalin from syringe C. The length of the reaction tube could be altered such that the time of travel from M/C 1 to M/C 2 could be varied from 14 to 90 ms. The output from the apparatus was collected and the proportion of deformed cells determined.
The efficiency of the mixing chambers was determined by mixing HZSO4 with NaOH containing phenolphthalein. This showed that mixing was more than 95% complete within 2 ms. Temperature was controlled by immersing the whole of the apparatus except the outflow pipe in a water bath.
Cell counting
Throughout these experiments the proportion of morphologically altered cells was determined by counting fixed samples microscopically. In general about 500 cells were counted. They were classified into three groups : S : pure sickled erythrocytes; these all had one or more sharp points on the periphery and were of the classic sickle or holly-leaf form. N : normal erythrocytes; these had the usual biconcave discoidal form with no internal organization. B : bizarre shaped erythrocytes; these were cells which could not be put into the above two classifications and had folded or wrinkled membranes and/or internal organization. It was assumed that in general these represented an intermediate phase in the sickling process.
R E S U L T S
Suspending medium
The blood used in the rapid-reaction apparatus was diluted 50-or 100-fold with the modified Ringer-Locke solution. This had sufficient buffering power to minimize pH changes, to which the sickling phenomenon is particularly sensitive (Rampling, 1972) . That this dilution had no significant effect on the sickling characteristics of the erythrocytes was shown in the following manner. Suspensions of cells in whole blood and in Ringer-Locke solution were equilibrated for 2 h with gas mixtures containing 02, Nz and a Pco2 of 40 mmHg. The cells were fixed and counted, and the curves of percentage of deformed cells versus Po, determined. Fig. 2 is typical of the results obtained, and shows that there were no significant differences between the two suspensions. Further, the relative concentrations of cells classified as being S, N or B were the same for given gas compositions.
The sodium dithionite solution was made as a modification of this diluent maintaining the NaHCO, at 2 g/l.
Dithionite and sickling
The following tests were done on erythrocytes containing HbS both in whole blood and diluted suspension to show that deformations induced by the sodium dithionite solution were due only to deoxygenation. (1) dithionite solution. In all cases almost 100% deformation of the cell population occurred. (2) Dithionite solution was added before or after equilibration with CO. Inhibition or reversal of deformation occurred. (3) Dithionite solution was added at low temperature (-4°C). No deformations occurred. It is well known that sickling is inhibited by low temperature (Sherman, 1940; Allison, 1957) .
Thus, it was clear that the deformations produced by dithionite solution were due to the dithionite-induced deoxygenation of the haemoglobin and its consequent gelling.
Preliminary rate measurements
When these investigations were first started, all previous estimates of sickling rate had given
Most of the deformed erythrocytes observed in these experiments were of the bizarre form described above ; however, the typical rate of formation of the holly-leaf and sickle-shaped cells is also shown in Fig. 3 . It is semilogarithmic over the time investigated (100 min) and can be described by
where y is the percentage of these later forms as a function of time ( t ) in min. The parameter A varied between samples and with temperature, K, however, was constant with a value of 9.5 5 2.0 (& SD).
Control tests on the rapid-reaction apparatus
Control experiments with normal erythrocytes, containing HbA, were performed on the rapid-reaction apparatus to examine if any damage, such as haemolysis, was caused by the high speed of flow through the apparatus. First, syringes A and B (see Fig. 1 ) were respectively filled with erythrocyte suspension and formalin and these were mixed at M/C 1 ; syringe C being unused. A similar experiment was then made but with syringe C filled with Ringer-Locke solu-tion to give a further mixing at M/C 2. This second test was repeated but with syringe B containing Ringer-Locke solution and C formalin. The fixed erythrocytes collected at the output were counted to determine the proportion of deformed cells. No haemolysis was detectable after any of these tests. Microscopic examination showed that the act of forcing the suspension through the rapid-reaction apparatus and fixing during flow, of itself, produced between 15 and 30% deformed erythrocytes. Many of these had a folded or invaginated appearance, and their percentage decreased very significantly if the flow rates used were insufficient for turbulence. It was concluded that these distortions were due to the cells being fixed while in a deformed state resulting from the turbulent flow, and so a time-independent background of deformed cells was expected when this apparatus was used for the determination of sickling rates. The percentage of deformed erythrocytes produced, for a given subject, was the same for each of these tests and was independent of reaction time. This proved that the permanent deformations were produced within the shortest reaction time investigated, i.e. 14 ms. Similar tests to those described above, but with dithionite solution substituted for the Ringer-Locke, showed that this solution had no deforming effect on cells containing HbA. Thus, any time-dependent deformations observed with blood from subjects homozygous to HbS in the rapid-reaction apparatus must be due to the haemoglobin abnormality, and be related to the sickling phenomenon.
Rapid-reaction measurements
Blood from six patients was investigated with the rapid-reaction apparatus and a total of twenty-five separate rate measurements were made in the temperature range 18-37°C. The proportion of holly-leaf and sickle-shaped erythrocytes produced in these experiments was very small and never amounted to more than 3% of those counted. This proportion was too small to detect any temperature-or time-dependence. However, very significant and time-dependent percentages of bizarre-shaped cells were observed. Typical results are shown in Figs. 4 and 5. These show that there was a short period during which the percentages of deformed erythrocytes remained constant, these deformations being due to turbulence as explained above. After this there was a steady climb to the percentage that would have been obtained with an 'infinite reaction time'. This latter figure, which includes those cells deformed as a result of gelling and of turbulence, was calculated in the following way: let X be the percentage of deformed cells produced with the syringe technique, that is as a result of gelation after a long time; let Y be the percentage for a sample of the same blood at zero reaction time on the rapid-reaction All the graphs such as Figs. 4 and 5 that were obtained in this investigation were remarkably similar, showing no significant variation between subjects or with temperature. In view of this, the data were combined to given an 'average rate of deformation curve' shown in Fig. 6 . In this the rate of change of only those erythrocytes deformed as a result of mixing with sodium dithionite solution is shown. The points on the curve are the means of the results of all subjects and temperatures investigated. The initial period during which no morphological changes occurred was 30 f 3 ( f SD) ms, half of the deformations had occurred in 87 f 6 ( f SD) ms and total deformation (by extrapolation) took 156 & 13 ( f SD) ms. 
DISCUSSION
It is clear from the results reported above that sickling is a two-stage process. The first is the rapid production of bizarre-shaped erythrocytes. The second is a much slower process during which the more usual sickle-shape is formed.
The first process is extremely rapid and, indeed, is of the same order as that of deoxygenation of normal (HbA) erythrocytes (Sirs, 1967) . Fig. 6 illustrates this by comparing the curve of the rate of deformation obtained in this investigation with curves of rate of deoxygenation of normal (HbA) erythrocytes at 20" and 37°C obtained by Sirs (1967) . At first sight, the large changes in the deoxygenation rates with temperature make it seem strange that similar temperature dependence was not observed in the deformation rates of HbS-containing erythrocytes.
However, although it is likely that HbS has similar chemical deoxygenation rates to those of HbA in dilute solution, other factors can affect oxygen egress from intact erythrocytes. In this latter situation the gelling of deoxygenated HbS molecules will limit the internal mixing and so slow the rate of oxygen egress as is found with HbA-containing erythrocytes that are inflexible (Sirs, 1969) . However, it is well known that gelling is progressively inhibited when the tempera-ture falls below 37°C (Sherman, 1940; Allison, 1957) . Thus, there are two competing temperature-dependent processes and their contributions are such that to the accuracy of these investigations no temperature-dependence could be detected in this first stage.
The mixing of the cells with dithionite solution allows almost instantaneous removal of 0, from the cellular surroundings. After a delay of about 30 ms the first morphological signs of gelation of the haemoglobin occur. During this time, the haemoglobin 'polymerizes' to produce the rods which can be seen under electron microscopy (White, 1968; Bertles & Dobler, 1969) , and the decrease in filterability described by Messer et al. (1970) must occur concomitantly. It is assumed that, because of the great speed of these reactions, the rods of haemoglobin are produced with random orientation. However, it is also possible that the conditions are such, in this case, that parallel orientation may not be the only stable configuration for the rods. Indeed, White & Heagan (1970) have shown that under various conditions the rods of cell-free HbS can be made to assume many different arrangements. Thus, the end product of dithionite deoxygenation is a population of bizarre-shaped erythrocytes.
The second process was several orders of magnitude slower than the first and consisted of a change of bizarre-shaped erythrocytes into the holly-leaf and sickle-forms. These slow changes result from the effects of thermal and mechanical agitation and the forces owing to the enclosure within a membrane. The haemoglobin rods slowly align themselves and the more usual pathological shape is produced.
The next problem to consider is the relevance of these results to the situation in vivo. In normal mixed venous blood the Po, is about 40 mmHg and the Pco, about 45 mmHg. However, many much lower Po, values and higher Pco, values can be found on the venous side of the circulation from specific organs (e.g. Brachfeld, Bozer & Gorlin, 1959) . Gaseous equilibration in vitro can produce high levels of classic sickle-shaped erythrocytes; the low levels of venous sickling observed in vivo by Jensen, Rucknagel & Taylor (1960) seem to contradict this; however, their criterion for labelling a cell as sickled was that there should be a sharp point on the periphery, so that something of the classic sickle-shape should have been formed. The results of this report show that these latter erythrocytes are a very late stage in the gelation process. Thus, Jensen et al. (1960) will have grossly underestimated the proportion of gelled cells since the bizarre-shaped cells were ignored, indeed, they probably observed little more than the circulating irreversibly sickled cell concentration; hence, the contradiction is removed. It is concluded that under conditions in vivo the erythrocytes will continually cycle through the gelled to the ungelled state, and the distortion of the membrane in the gelled state combined with the deformation of these relatively rigid cells by the haemodynamic forces of the circulation will cause continual cellular damage. This must contribute to, or be the prime cause of, the early demise of erythrocytes from subjects homozygous to HbS.
